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Off-target genome editing: A new discipline of gene science

and a new class of medicine
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Abstract With an increasing growth of genome
editing, off-target effects such as non-specific genetic
modifications resulting from the designed process of
genome editing become a new discipline of gene science
and new class medicine. The degree of short-term and
long-term side effects and toxicity or dynamics of the
primary and secondary off-target genome editing varies
with the application of different methodologies of gene
editing and measuring, readouts of genetic modifica-
tions, or comparison reference. Measurements of dy-
namic off-target effects caused directly or indirectly by
genome editing are critical in clinical application of gene
editing. The quality of genome editing methods is one of
the decisive factors in the occurrence of off-target ef-
fects. Mechanisms by which off-target effects of ge-
nome editing occurs are more complex and comprehen-
sive than we expected. The heterogeneity of off-target
effects of gene-edited cells at single-cell levels should be
defined during the development and formation of cell
clusters. In addition to off-target effects on gene-edited
cells per se, alterations of gene sequence, structure,
dimension, and function of related regulators caused
by off-target effects may also influence intercellular
communications and interactions between gene-edited
cells, between gene-edited cells and non-edited cells, or
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between non-edited cells. Thus, controlling, measuring,
defining, categorizing, and predicting off-target genome
editing need to be standardized and prioritized before
clinical application of gene editing.
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With rapid development and improvement of gene
editing technologies, a large number of new therapeutic
concepts have appeared for clinical considerations, e.g.,
gene therapy, genome editing, or nucleic acid therapeu-
tics. A new class of medicines will be generated from a
series of consequences after clinical application of ge-
nome editing (Porteus 2019). With increasing precision
editing, transplantation of genome-engineered cells and
embryonic cells may be an alternative for the prevention
and treatment of genetic and nongenetic diseases. It
seems that genome editing can prevent and cure any
disease as long as the disease-specific target gene is
identified and validated. Thus, the three most critical
and limiting factors to push genome editing into clinical
applications are the disease specificity of target gene, the
therapeutic efficacy to improve disease severity, and the
safety and toxicity of gene editing procedures and ma-
terials. However, there are a large number of challenges
to be overcome before genome editing can be applied to
patients. For example, we need clear and evidence-
based criteria and standards to allow ethical permission
for genome editing, show target gene disease-specifici-
ty, and ensure safety of the process (Fang and Wang
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2016; Sakuma and Yamamoto 2017; Wang et al. 2018).
Of those challenges, off-target genome editing should
be paid more attention to, since the off-target effects are
not dynamically monitored, qualitied, quantified, or an-
ticipated. There is little known about the short-term and
long-term side-effects and toxicity of off-target genome
editing in humans. Off-target genome editing will be a
new discipline of gene science and a new class of
medicine.

The concept of off-target genome editing should be
redefined by the rapid growth of knowledge and expe-
rience on analysis of off-target genes and their effects.
Off-target is defined as non-specific genetic modifica-
tions as a result of a designed genome editing process,
including point mutations, deletions, insertions, inver-
sions, and translocations of unexpected genes. Those are
countable effects of editing techniques per se, while the
long-term biological effects are not estimated. It is
questioned whether the non-specific genetic modifica-
tion caused by designed and selected target genes should
also count as off-target genome editing, as those genes
are expected, intended, designed, and targeted. Such
non-specific genetic modification may be caused by
the complexity of disease, lack of systemic validation
of identified targets, and unique focus on biological
effects rather than pathophysiological specificity. For
example, over-expression of CCRS5 gene and protein
was found in people with HIV infection, and the alloge-
neic hematopoietic stem-cell transplantation procedures
with a homozygous mutation in the HIV coreceptor
CCR5 (CCR5A32/A32) or gene editing of CCRS5 in
autologous CD4 T cells could remiss HIV-1 expression
in patients infected with HIV (Gupta et al. 2019; Tebas
etal. 2014). Over-expression of CCRS gene and protein
can occur in multiple pathological conditions and the
existence of CCRS is critical and necessary to maintain
the normality of native immune function. There is no
answer to how many off-target genes will be caused by
the embryonic CCRS gene editing to prevent the occur-
rence of HIV infection or what consequences will result
from the secondary off-target effects.

Dynamic effects of the primary and secondary off-
target genome editing should be emphasized and paid
more attention to. For example, transplantation of gene-
edited cells has been suggested as an alternative therapy
for diseases. Gene-edited immune cells can be used for
leukemias, lymphomas, solid tumors, and HIV
infection. Sharpe (2018) overviewed and demonstrated
a large number of predicted and unpredicted toxicities,
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including off-tumor activity, cytokine release syn-
dromes, neurotoxicity, and fatal consequences during
or after gene-edited T cell therapies. In addition, it
remains unclear whether the gene editing causes off-
target effects on gene-edited cells per se, which may
extend or secondarily occur within the gene-edited cell,
or whether gene-edited cells can result in the “infected”
off-target effects in other non-gene-edited host cells. A
similar challenge should be considered in gene-edited
stem cells of which therapeutic effects are confirmed for
tissue repair, organ dysfunction, and regeneration.
Gene-edited stem cells also experience double-
stranded chromosomal break and DNA repair through
non-homologous end joining and homologous recom-
bination, to achieve target-specific gene modifications.
Stem cells have strong capacities for differentiation,
proliferation, and formation of new clusters of gene-
edited cells, during which new biological phenomes will
be generated, while off-target double-stranded chromo-
somal breaks and non-specific genetic modifications are
simultaneously or secondarily created, regardless of
whether the designed sequence binds to the target or
not. Veres et al. (2014) studied the degree of genome-
wide off-target mutagenesis in ten cell lines of human
pluripotent stem cells targeted with either clustered,
regularly interspaced, short palindromic repeats
(CRISPR)-Cas9 or transcription activator-like effector
nucleases (TALENSs) using whole-genome sequencing
at high coverage (60x target coverage). They proposed
that nuclease-mediated off-target effects occurred in
gene-edited cells at limited amounts might be not severe
enough to obstruct clinical application of stem cells.
The degree of off-target effects reported varies due to
the application of different analytic methodologies, fo-
cused readouts of genetic modifications, comparison
reference, as well as editing methods. Veres et al.
(2014) found minimal amount of off-target effects based
on detection of off-target insertions and deletions by
comparing with the parental cells, while Kosicki et al.
(2018) reported significant on-target mutagenesis ac-
cording to large deletions and more complex genomic
rearrangements at the targeted sites in mouse embryonic
stem cells, mouse hematopoietic progenitors and a
human differentiated cell line. Using conventional
Sanger sequencing technology, Kosicki et al. (2018)
found 74% simple deletions overlapping both the cut
site and the exon, 17% recovered alleles containing
additional lesions, 57% having only exonic lesion, and
26% insertions in recovered alleles. The extensive and
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unexpected results off-target genomic editing have in-
evitable and common outcomes, which occur both at the
target locus and beyond. There are no clear answers on
what the severe long-term transcriptional consequences
of the off-target genome editing are, whether those off-
target effects caused mutations that can induce new
neoplasia, or whether off-target-associated invisible
and detectable genetic changes will result in inherent
toxicity or carcinogenesis for coming generations.

Measurements of off-target effects are the critical
factor in clinical application of gene therapy. The em-
phasis will be to dynamically monitor off-target effects,
precisely detect the sequence changes caused directly or
indirectly by genome editing, and efficiently respond to
concerns from clinicians and patients. One of the most
difficult challenges is that we do not know what non-
specific genetic modifications may occur during/after
genome editing, characteristics of off-target sequences
to control the ratio between on-target and off-target
effects, or the properties of the interaction between
sequences and probes to design the optimal and most
sensitive detectors. The customizable hybrid-capture
and error-corrected ultra-deep circulating free DNA-
Seq technology was suggested as a simple and sensitive
method to detect duplex DNA-molecules for enhanced
error correction, with a small amount of circulating free
DNA and high detection rate of single nucleotide vari-
ants (Mansukhani et al. 2018). However, the potential
for circulating free DNA to be used for measurements of
off-target effects may still need further clarification and
validation. The urgent challenge is to develop and opti-
mize the consistency, reliability, and repeatability of
qualitative and quantitative analysis to dynamically
monitor those “unexpected” off-target effects. It is also
necessary for society to identify and list details of off-
target effects, categorize severity of off-target effects,
and explain the potential of biological influences, e.g.,
number, size, location of off-target genes, sequence
property, pairing stability, designed-target rate, genetic
interactions, and estimated lethality.

The quality of genome editing methods is a decisive
factor in the occurrence of off-target effects. Jin et al.
(2019) analyzed off-target effects between gene editing
methods of adenine-base editor with cytosine-base edi-
tor (base editor 3 or high-fidelity base editor) in genet-
ically modified rice and found that the adenine-base
editor had less missed target genes. Zuo et al. (2019)
developed a new genome-wide off-target analysis
through two-cell embryo injection and found that

cytosine-base editing induced off-target single nucleo-
tide variants with over 20-fold higher frequencies than
CRISPR-Cas9 or base editors. In this particular study,
one blastomere of two-cell mouse embryos was edited
with CRISPR-Cas9, a cytosine-base editor, and an
adenine-base editor to compare the whole genome se-
quences of progeny cells of edited vs. non-edited blas-
tomeres. Kim et al. (2019) found that CRISPR-Cas9, the
cytosine-base editor, and the adenine-base editor had
various levels of ability to define nucleotide mismatches
and targeted different off-target sites. Those results de-
liver a clear message that the efficiency of detecting off-
target effects is highly dependent upon analytic meth-
odologies, monitoring designs, measure protocols, com-
parison references, as well as species. The deep-
sequencing data demonstrated that near half of
genome-editing projects confirmed about 1500 predict-
ed off-target sites on mouse and rat genomes and that
high-fidelity Cas9 versions reduced off-target mutation
rates in vivo (Anderson et al. 2018).

The mechanisms behind how off-target effects of
genome editing occur are more complex and compre-
hensive than expected. It therefore becomes more im-
portant to develop off-target effects-specific analyses to
define the genome-wide specificities of each genome
editing. This requires developing a method specific for
an editing based on its recognition of off-target sites.
Kim et al. (2019) declared that the genome-wide off-
target sites of CRISPR-Cas9, adenine-base editor and
cytosine-base editor were identified with mismatched
single guide RNAs for endogenous genomic loci,
Digenome-seq for identifying CRISPR-induced dou-
ble-strand breaks, and targeted amplicon sequencing
for validation of cleavage sites. One of the outstanding
outcomes from this particular study showed that
adenine-base editor’s off-target effects at defined sites
could be avoided by the combination of Sniper adenine-
base editor 7.10 with modified single guide RNAs. One
of the editing method categories is the enzyme-based
process during which targeted DNA double-stranded
breaks are introduced into the genome followed by a
homology-directed repair. The amount of off-target ef-
fects varies among nucleases, e.g., CRISPR-Cas9,
TALEN, meganucleases, and zinc finger nucleases
(ZFN). The key step error-prone nonhomologous end
joining is a pathway to repair double-strand breaks in
DNA through micro-homologous guide. Any imprecise
or inappropriate repair will cause loss of nucleotides,
insertion and deletion, or translocations and telomere

@ Springer



182

Cell Biol Toxicol (2019) 35:179-183

fusion. Lin et al. (2018) developed CRISPR-guided
DNA methyltransferases to methylate the CpG dinucle-
otides flanking its target sites at different genomic loci in
human embryonic kidney cells. They found a number of
the off-target effects in differentially methylated regions,
promoter regions, 5’ untranslated regions, CpG islands,
and DNase I hypersensitivity sites, leading to significant
off-target methylation.

Off-target effects of genome editing can be concep-
tualized as “off-target toxicity,” a clinical measure, to
evaluate or predict clinical risks and consequences of
genome editing application. Trendowski et al. (2019)
applied the concept of off-target toxicity to review the
cytotoxicity of chemotherapy and demonstrate multiple
off-target toxicities of cisplatin, as an effective measure-
ment to identify individual susceptibility, genetic and
nongenetic risk factors, and association between specif-
ic genotypes and drug-induced toxicities. In addition to
sequencing, the off-target toxicity should be extended to
structures and functions of DNA and associated regula-
tors, RNA and RNA-associated factors, or genome di-
mensions and regulators, according to the new concept
of clinical gene tests (Wu et al. 2019). The sensitivity,
specificity, stability, analysis, and clinical significance
of methodologies to monitor the off-target toxicity
should be further defined to include standardizations,
guidelines, and consortium of sample handling, experi-
mental operation, quality control, data analysis, and
clinical interpretation. We should clarify the contents
of short-term or long-term effects, primary or secondary
effects, structural or functional off-target toxicities, and
develop predictive strategies for regular monitoring sys-
tems and regulations.

With the development of sequencing technology, a
number of opportunities and challenges of single cell
sequencing and analyzing need to be faced to discover
new cell clusters and subtypes, intratissue heterogeneity,
and new diagnostic biomarkers and therapeutic targets
(Wang et al. 2018; Zhu et al. 2018). Of those, it is
imperative to define the heterogeneity of off-target ef-
fects of gene-edited cells at single-cell levels, especially
during the development and formation of cell clusters.
In addition to off-target effects on gene-edited cells per
se, alterations of gene sequence, structure, dimension,
and function of related regulators caused by off-target
effects may also influence intercellular communications
and interactions between gene-edited cells, between
gene-edited cells and non-edited cells, or between non-
edited cells. Cell-to-cell communication is recently
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suggested as a new to understand the old mysteries of
molecular mechanisms of the microenvironment com-
plexity, heterogeneity, homeostasis, and function by
profiling intercellular signal networks (Song et al.
2019).

In conclusion, off-target effects as non-specific ge-
netic modifications resulted from the designed process
of genome editing and will become a new discipline of
gene science and a new class of medicine. The degree of
short-term and long-term side-effects and toxicity or
dynamics of the primary and secondary off-target ge-
nome editing varies with the application of different
methodologies of gene editing and measuring, readouts
of genetic modifications, or comparison reference. Mea-
surements of dynamic off-target effects caused directly
or indirectly by genome editing are critical in clinical
application of gene editing. The quality of genome
editing methods is one of the decisive factors in the
occurrence of off-target effects. Mechanisms by which
off-target effects of genome editing occurs are more
complex and comprehensive than expected. The hetero-
geneity of off-target effects of gene-edited cells at
single-cell levels should be defined during the develop-
ment and formation of cell clusters. In addition to off-
target effects on gene-edited cells per se, alterations of
gene sequence, structure, dimension, and function of
related regulators caused by off-target effects may also
influence intercellular communications and interactions
between gene-edited cells, between gene-edited cells
and non-edited cells, or between non-edited cells. Thus,
controlling, measuring, defining, categorizing, and
predicting the effects of off-target genome editing need
to be standardized and prioritized before clinical appli-
cation of gene editing.
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